Fully rotary drilling is one of many useful technologies used for the exploitation of petroleum and geothermal resources, but fully rotating drill-strings are extremely complicated. Therefore, according to the Hamilton principle, a non-linear coupled bottom hole assembly (BHA)-bit-formation-wellbore model is proposed for BHAs with bent-housing positive displacement motor using the finite element method to investigate the dynamic behavior and steering ability under fully rotary drilling. The impact force, acceleration, axial loading, torque, and dynamic stress were simulated, and factors influencing the dynamic steering forces were investigated. The results indicate that the impact force, acceleration, axial loading, torque, and dynamic stress under fully rotary drilling are much higher than under conventional drilling. The numerical simulation and field test in well B confirmed that the rotation of the drill-string is conducive to the hold-on of the deviation angle. With the increase in the weight-on-bit, bend angle, and stabilizer height, the deflecting force on a drill bit increases. Conversely, with the increase in stabilizer diameter, the deflecting force on the drill bit decreases; the lower the deflecting force, the better the effectiveness of hold-on. With increasing deviation angle, the deflecting force on the drill bit first decreases and then increases. The present model can provide a theoretical basis for wellbore trajectory control and optimization design of BHA.
Introduction
In order to exploit and utilize deep Earth energies and resources such as petroleum, water, geothermal, mining, and geo-energy, we need new technologies to extract these energies and resources from deep formations. The key to the exploitation and use of deep earth energies and resources is constructing a high-quality underground passage, often achieved via drilling a hole in the petroleum industry. A variety of aspects are involved in drilling, such as how to improve drilling efficiency and control the borehole trajectory as desired. Fully rotary drilling addresses both of these issues.
In oil and gas drilling engineering, fully rotary drilling refers to the combined movements of the rotary table and down-hole motor [1] . Industrial down-hole motors can be classified into two categories: the positive displacement motor (PDM), and the turbo-drill. Of the two, the PDM is the most common and the most widely used down-hole motor [2] . Due to the popularization and Table 1 . Mechanical analysis methods of drill-string and their applicability. Modified from Li et al. [12] . However, the real dynamic behavior and steering ability of BHA with bent-housing PDM has seldom been investigated, and several challenges remain. (1) The influence of drill-string rotation on mechanical behavior and steering ability of BHA with bent-housing PDM has seldom been investigated. Consequently, the mechanical behavior and steering ability of BHA under fully rotary drilling conditions is still not clear. (2) Most of the analysis models and methods transformed this problem into static or quasi-static mechanical problems, so the real dynamic behavior is not reflected. (3) The coupled drill-string-bit-formation effect has been considered for whole drill-string dynamics, but the research always focused on the mechanical behavior of whole drill-string. However, its influence on mechanical behavior and steering ability of BHA was rarely introduced, so the coupled BHA-bit-formation-wellbore model should be used.
Given the above context, we aimed to investigate the dynamic behavior and steering ability of BHA with bent-housing PDM under fully rotary drilling. Considering the actual working state of downhole BHA with bent-housing PDM under fully rotary drilling, and according to the Hamilton principle, a nonlinear coupled BHA-bit-formation-wellbore model is proposed for BHA with bent-housing PDM by using the finite element method.
The present model is solved using the explicit time integration method. The movement state, impact, axial loading, torque, dynamic stress, and acceleration on BHA are simulated, and the influencing factors on the dynamic steering force are investigated. The results enable the dynamic response and steering ability of BHA with bent-housing PDM under fully rotary drilling, and also provide a theoretical basis for failure analysis of PDM tools, wellbore trajectory control of fully rotary drilling, and the optimization design of BHA.
Finite Element Model
Based on the finite element method (FEM), the dynamics model of drilling can be divided into two categories: nonlinear dynamics model of the entire drill-string, and nonlinear dynamics model of the BHA [28] [29] [30] . For the entire drill-string model, the clear boundary at the wellhead makes it easy to simplify. Thus, this model can be used to simulate the actual working state of the drill-string. However, because the entire drill-string is long and the number of elements is huge, especially when considering the influence of drill-string-bit-formation-wellbore coupling, the nonlinear solution of the FEM is inefficient and time consuming. Sometimes, in order to save time and costs, the mesh size can be controlled to be large, but the solving accuracy may be not good enough. Deily et al. [31] pointed out that if the boundary conditions of force and displacement in a hypothetical section can meet the real force and displacement, the results of the stress analysis of the BHA must be consistent with the entire drill-string. In other words, the dynamics model of the BHA can exactly reveal the dynamic response. Therefore, the present work aimed at the BHA with bent-housing PDM, and we propose a nonlinear dynamic model for the BHA below the neutral point.
Dynamic Theory
Due to the complicated loads and movement of the drill-string in the downhole borehole, finite element modelling still cannot absolutely simulate the real downhole environments for drill-strings. Therefore, basic assumptions were made as follows [25] [26] [27] [32] [33] [34] [35] : the BHA was regarded as a slender beam; the geometry of the wellbore cross-section is circular and the wellbore collapse is ignored; the BHA is located in the center of the borehole at the initial moment; the influence of drilling fluid in the annulus is involved, but the drilling fluid flow is ignored; and the changes in the cross area between the drill pipe and joint are ignored, i.e., each section of the drill-string is regarded as a rod.
According to the Hamilton principle, the kinetic energy and potential energy at any mass point, and the work on it made by non-potential force, fulfil the following equation [24] : where W is the work performed by a non-potential force, δ is the croat symbol, T is the total kinetic energy, and V is the total potential energy. For a continuous system, T, V, and W can be expressed using the displacement variable u(z,x,y,t) and angle variable θ(z,x,y,t) of a drill-string [26] [27] [28] . Thus, based on the finite element method, the geometric model of the drill-string can be treated as a collection of many elements, and the continuous variable in this model can then be replaced by a node interpolation variable U i . Then, by substituting this interpolation variable U i into Equation (1), we obtain the following equation:
Because the interpolation variable δU i could be arbitrary, Equation (2) can be rewritten as:
Equation (3) is the Lagrange equation, which can be written as [28] :
where F i is the generalized non-potential force, U i is the generalized displacement, and t is time.
The total kinetic energy (T) for a drill-string element is:
The translational kinetic energy T t and rotational kinetic energy T r can be given as [28] :
where ρ is the density of the drill-string, A is the cross-sectional area of the drill-string, L is the length of the drill-string element, J t is the radial rotation inertia, J bn is the polar moment of inertia, and θ is the rotational angle of drill-string element. The total elastic potential energy (V i ) for a drill-string element [28] is:
where E is the elastic modulus of the drill-string, ν is the Poisson ratio of the drill-string, and G is the shear modulus of the drill-string. If the drill-string system is dispersed using the finite element method, the dynamic equation of the BHA-bit-formation-wellbore system can be obtained: In order to establish the finite element of a bottom hole assembly with bent-housing PDM tool, the following BHA configuration was used: φ215.9 mm PDC bit × 0.35 m + φ172 mm bent-housing PDM tool (1.25 • ) × 8.00 m + φ208 mm stabilizer × 1.00 m + φ165 mm non-magnetic drill collar (NMDC) × 9.00 m + Φ139.7 mm heavy weight drill pipe (HWDP) × 60.00 m. The geometric parameters of this BHA are listed in Table 2 .
In order to obtain the actual motion and force of the BHA, by involving the real formation, the full-sized PDC bit, and the full-sized wellbore, a 3D model was proposed by using ABAQUS software (Dassault Systèmes Simulia Corp., Waltham, MA, USA), as shown in Figure 1 . The whole model is shown in Figure 1a . The top section shows a HWPD, followed by NMDC, stabilizer, and PDM tool and bit, and the bottom part is the formation. The PDM tool, stabilizer, drill collar, and drill pipe were simplified as a beam element (B31), and each section had different properties. Because the B31 element was a kind of Timoshenko, and the shear deformation of the beam was involved in this element, it was suitable for simulating the rotating slender drill-string. The top section of BHA was rotated by the upper drill-string with a rotate speed (VR 1 ) to simulate the rotation of the rotary table. The formation was rotated with a rotate speed (VR 2 ) to simulate the rotation of the rotor in PDM tool. In order to simulate the drill-string-wellbore coupling, the drill-string-wellbore unit was used, as shown in Figure 1b . Considering the B31 element has no thickness, in order to avoid the influence of the gap between the drill-string and borehole wall, the thickness of wellbore was thickened to eliminate its impact. In addition, because the ABAQUS software does not support the definition of internal contact, we defined the internal contact between the bit and formation by modifying the inp command flow of the model, as shown in Figure 1c . section of BHA was rotated by the upper drill-string with a rotate speed (VR1) to simulate the rotation of the rotary table. The formation was rotated with a rotate speed (VR2) to simulate the rotation of the rotor in PDM tool. In order to simulate the drill-string-wellbore coupling, the drill-string-wellbore unit was used, as shown in Figure 1b . Considering the B31 element has no thickness, in order to avoid the influence of the gap between the drill-string and borehole wall, the thickness of wellbore was thickened to eliminate its impact. In addition, because the ABAQUS software does not support the definition of internal contact, we defined the internal contact between the bit and formation by modifying the inp command flow of the model, as shown in Figure 1c . There is an important aspect regarding the simplified processing of the bend angle of the PDM tool. In this paper, we used a restarting analysis method for the ABAQUS software. We also used the combination analysis method of Standard implicit and Explicit display. The processing can be summarized as follows: (1) Set up a Standard static analysis step, then define the contact relationship between the bit and wellbore wall, and calculate the prestressed state of the BHA caused by the bend angle. (2) Set up a new Job and propose an Explicit dynamic analysis step, then add the stress state file that was obtained in the first step in Load module, and submit to simulate.
Boundary Conditions
When the FEM was proposed, the next step was to apply the boundary conditions. First, establish the generalized contact relationship between the drill-string and wellbore, and define contact attributes, where the deviation angle of borehole is set as 30 • . Then, set the viscous damping coefficient of the drilling mud, which is used to simulate the damping effect of the drilling mud on the drill-string, and the mud density is set as 1.2 g/cm 3 . Define internal contact relationship between the drill bit and formation. Apply an axial loading of 50 kN at the top section of the BHA to simulate the weight-on-bit (WOB), and apply a rotate speed VR 1 = 60 rpm at the top section of BHA to simulate the rotation of the rotary table. Apply a rotation speed VR 2 = 180 rpm on the formation to simulate the rotation of the rotor in PDM tool.
After applying boundary constraint and load conditions, we used the ABAQUS/EXPLICIT integral algorithm to solve the dynamic model of BHA-bit-formation-wellbore system. By solving Equation (9), we obtained the simulation results of dynamic model for the BHA-bitformation-wellbore system.
Extracting the Resultant Steering Force
According to the deviation angle and azimuth angle of the BHA, the position of the drill bit at the bottom can be determined. In this present model, the bit pointed to the low side of the borehole at the initial moment, and the low side (90 • ) is located at the 6:00 position of the wellbore or the bottom of the hole, whereas the high side (0 • ) is the 12:00 position of the wellbore or the top of the hole. In order to obtain the dynamic resultant steering force on bit in one round, we used a decomposition and synthesis of forces to calculate the steering force on the bit. As shown in Figure 2a , the side force on the bit is a vector → F hi ; thus, the side force → F hi can be decomposed into azimuth force F xi in the x direction and build-up force F yi in the y direction:
where, → F hi is the vector of side force on the bit, F xi is the azimuth force in the x direction, F yi is the build-up force in the y direction, ω i is the tool face angle, and i is the simulating step in one round, i = 1 -n, where n is the total number of simulating steps. Then, the resultant build-up force and azimuth force can be expressed as [19] :
where Thus, as shown in Figure 2b , the resultant steering force in one round can be obtained [19] :
where s F is the resultant steering force in one round.
As shown in Figure 2b , the direction angle of steering force can be expressed as [19] :
where α s is the direction angle of the resultant steering force in one round.
Analysis of Transient Dynamic Characteristics for BHA
In order to reveal the mechanical behaviors of the BHA with bent-housing PDM, the traditional BHA with a multi-stabilizer configuration was also used for comparison. Conventional rotary Then, the resultant build-up force and azimuth force can be expressed as [19] :
where F sα is the total build-up force in the y direction and F sφ is the total azimuth force in the x direction.
The build-up and drop-off force can be expressed as:
where F sα+ is the average build-up force and F sα− is the average drop-off force. Thus, as shown in Figure 2b , the resultant steering force in one round can be obtained [19] :
where F s is the resultant steering force in one round. As shown in Figure 2b , the direction angle of steering force can be expressed as [19] :
In order to reveal the mechanical behaviors of the BHA with bent-housing PDM, the traditional BHA with a multi-stabilizer configuration was also used for comparison. Conventional rotary drilling As shown in Figure 3 , whether conventional rotary drilling or fully rotary drilling are used, due to the interval between the stabilizer and wellbore being small, the stabilizer always impacts the wellbore. There is a comparatively obvious difference between conventional rotary drilling and fully rotary drilling: the average impact force of conventional rotary drilling is lower than fully rotary drilling. The first impact of the drill-string stabilizer occurred at 0.14 s with an impact force of 5.50 kN for fully rotary drilling, whereas it occurred at 0.12 s with a lower impact force of 10.03 kN for conventional rotary drilling. At 0-0.5s, a "start-to-impact" process of the drill-string stabilizer occurs, and there is approximately stabilizer impact occurs six and five times for fully and conventional rotary drilling, respectively. According to the impact frequency, the stabilizer impact of fully rotary drilling is higher than that of conventional rotary drilling. Approximately 51 and 32 stabilizer impacts occur for fully and conventional rotary drilling, respectively, in the 0-5.0 s timeframe, and the difference between them is almost 1.6-fold. According to the impact force, the stabilizer impact of fully rotary drilling is much more powerful than conventional rotary drilling. The average impact force is approximately 35.23 kN for fully rotary drilling, whereas it is approximately 30.42 kN for conventional rotary drilling. In the 2.0-3.0 s time frame, the maximum impact force of the stabilizer is approximately 98.5 kN for fully rotary drilling, whereas it is approximately 46.77 kN for conventional drilling. It is possible that an instantaneous unstable phenomenon occurs for the drill-string; the unstable phenomenon may lead to drill-string failure. As shown in Figure 3 , whether conventional rotary drilling or fully rotary drilling are used, due to the interval between the stabilizer and wellbore being small, the stabilizer always impacts the wellbore. There is a comparatively obvious difference between conventional rotary drilling and fully rotary drilling: the average impact force of conventional rotary drilling is lower than fully rotary drilling. The first impact of the drill-string stabilizer occurred at 0.14 s with an impact force of 5.50 kN for fully rotary drilling, whereas it occurred at 0.12 s with a lower impact force of 10.03 kN for conventional rotary drilling. At 0-0.5s, a "start-to-impact" process of the drill-string stabilizer occurs, and there is approximately stabilizer impact occurs six and five times for fully and conventional rotary drilling, respectively. According to the impact frequency, the stabilizer impact of fully rotary drilling is higher than that of conventional rotary drilling. Approximately 51 and 32 stabilizer impacts occur for fully and conventional rotary drilling, respectively, in the 0-5.0 s timeframe, and the difference between them is almost 1.6-fold. According to the impact force, the stabilizer impact of fully rotary drilling is much more powerful than conventional rotary drilling. The average impact force is approximately 35.23 kN for fully rotary drilling, whereas it is approximately 30.42 kN for conventional rotary drilling. In the 2.0-3.0 s time frame, the maximum impact force of the stabilizer is approximately 98.5 kN for fully rotary drilling, whereas it is approximately 46.77 kN for conventional drilling. It is possible that an instantaneous unstable phenomenon occurs for the drill-string; the unstable phenomenon may lead to drill-string failure. 
Impact Force between Drill Pipe and Wellbore
As shown in Figure 4 , the impact force and frequency of fully rotary drilling is higher than conventional rotary drilling. The impact between the drill-string and wellbore is approximately 56 times with a maximum force of 96.71 kN and average force of 22.90 kN for fully rotary drilling, whereas it is approximately 22 times with a maximum force of 57.75 kN and average force of 18.25 kN for conventional rotary drilling. When contact and impact between the drill-string and wellbore occurred, the greater the contact force, the greater the friction and the reverse torque. Therefore, due to the powerful impact of fully rotary drilling, the impact force and frequency are much higher than in conventional rotary drilling. As a result, the reverse friction and torque are therefore much higher, the inversion phenomenon is much more obvious, and the wear is also much worse. 
As shown in Figure 4 , the impact force and frequency of fully rotary drilling is higher than conventional rotary drilling. The impact between the drill-string and wellbore is approximately 56 times with a maximum force of 96.71 kN and average force of 22.90 kN for fully rotary drilling, whereas it is approximately 22 times with a maximum force of 57.75 kN and average force of 18.25 kN for conventional rotary drilling. When contact and impact between the drill-string and wellbore occurred, the greater the contact force, the greater the friction and the reverse torque. Therefore, due to the powerful impact of fully rotary drilling, the impact force and frequency are much higher than Energies 2018, 11, 2568 11 of 23 in conventional rotary drilling. As a result, the reverse friction and torque are therefore much higher, the inversion phenomenon is much more obvious, and the wear is also much worse. 
Acceleration

Axial Acceleration
As shown in Figure 5 , the axial acceleration of the drill-string is relatively small, and mostly changed from -2.0 g to 2.0 g. The number of peak axial accelerations of fully rotary drilling is obvious larger than conventional drilling. In the period of 0-0.4 s, the axial acceleration of fully rotary drilling has more obvious fluctuations compared to conventional drilling. Because the teeth of the drill bit under fully rotary drilling (VR1 = 60 rpm and VR2 = 180 rpm) can wedge into rock much easier than conventional drilling (VR1 = 60 rpm). Thus, when the downhole rock breaks, the axial impact has much higher frequency and amplitude. 
Lateral Acceleration
As shown in Figure 6 , the lateral acceleration of the string is relatively higher than the axial acceleration, due to the influence of the full rotation of the BHA with a bent-housing PDM tool, mostly changing from -10 g to 10 g. The number of peak lateral accelerations for fully rotary drilling is larger than conventional drilling. In the process of lateral vibration, due to the movement being restricted in a very narrow borehole space, it is inevitable that the drill-string will contact and impact the wellbore wall. 
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As shown in Figure 5 , the axial acceleration of the drill-string is relatively small, and mostly changed from -2.0 g to 2.0 g. The number of peak axial accelerations of fully rotary drilling is obvious larger than conventional drilling. In the period of 0-0.4 s, the axial acceleration of fully rotary drilling has more obvious fluctuations compared to conventional drilling. Because the teeth of the drill bit under fully rotary drilling (VR 1 = 60 rpm and VR 2 = 180 rpm) can wedge into rock much easier than conventional drilling (VR 1 = 60 rpm). Thus, when the downhole rock breaks, the axial impact has much higher frequency and amplitude. 
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Lateral Acceleration
As shown in Figure 6 , the lateral acceleration of the string is relatively higher than the axial acceleration, due to the influence of the full rotation of the BHA with a bent-housing PDM tool, mostly changing from -10 g to 10 g. The number of peak lateral accelerations for fully rotary drilling is larger than conventional drilling. In the process of lateral vibration, due to the movement being restricted in a very narrow borehole space, it is inevitable that the drill-string will contact and impact the wellbore wall. Because the contact time is very short, a rapid change in the velocity and direction of the drill-string occurs before and after the impact, resulting in a large lateral vibration of the drill-string. According to the above analysis, in the period of 2.4-3.1 s and 4.0-4.5 s, there are several violent impacts at or near the stabilizer between the drill-string and wellbore wall, leading to a very large lateral acceleration (~23.10 g). Similar situations occurred at 1.65 s, 3.4 s, and 4.8 s. Combined with Figure 4 , it can be seen that there are some violent impacts between the drill-string and the borehole wall. We clearly found that the lateral acceleration of fully rotary drilling is obvious higher than conventional drilling, and the drill-string may experience transient instability. Thus, the severe lateral impact between the drill-string and borehole wall may cause MWD tool damage, and even cause drill-string failure.
Axial Loading
As shown in Figure 7 , the axial loading presents a regular periodic change for both conventional and fully rotary drilling, because the drill bit does not continuously cut the rock, but rather is step-by-step cutting in "jumps", which is called as the "drilling footage step" phenomenon. At each step of the drilling footage, the drill bit cut the downhole rock several circles, but did not break the downhole rock, so the WOB always changed around 50 kN. Only if the rock in the whole step of the drilling footage was broken would the drill bit can cut into another step. Completion of a cycle is considered when the drill bit cut into another step, due to the suddenly drop of the drill bit in a short interval, so that a huge fluctuation in axial loading in the drill-string occurred. Therefore, each step is a cycle of "drilling footage step". Because the contact time is very short, a rapid change in the velocity and direction of the drill-string occurs before and after the impact, resulting in a large lateral vibration of the drill-string. According to the above analysis, in the period of 2.4-3.1 s and 4.0-4.5 s, there are several violent impacts at or near the stabilizer between the drill-string and wellbore wall, leading to a very large lateral acceleration (~23.10 g). Similar situations occurred at 1.65 s, 3.4 s, and 4.8 s. Combined with Figure 4 , it can be seen that there are some violent impacts between the drill-string and the borehole wall. We clearly found that the lateral acceleration of fully rotary drilling is obvious higher than conventional drilling, and the drill-string may experience transient instability. Thus, the severe lateral impact between the drill-string and borehole wall may cause MWD tool damage, and even cause drill-string failure.
As shown in Figure 7 , the axial loading presents a regular periodic change for both conventional and fully rotary drilling, because the drill bit does not continuously cut the rock, but rather is step-by-step cutting in "jumps", which is called as the "drilling footage step" phenomenon. At each step of the drilling footage, the drill bit cut the downhole rock several circles, but did not break the downhole rock, so the WOB always changed around 50 kN. Only if the rock in the whole step of the drilling footage was broken would the drill bit can cut into another step. Completion of a cycle is considered when the drill bit cut into another step, due to the suddenly drop of the drill bit in a short interval, so that a huge fluctuation in axial loading in the drill-string occurred. Therefore, each step is a cycle of "drilling footage step".
rather From the perspective of the frequency for this cycle, there were six and eight cycles for conventional and fully rotary drilling, respectively, i.e., the period of this cycle was approximately 0.167 s and 0.125 s for conventional and fully rotary drilling, respectively. This phenomenon reveals why the ROP of fully rotary drilling is higher than conventional drilling. In addition, the amplitude of dynamic axial loading under fully rotary drilling was obviously higher than conventional drilling, where the maximum axial loading under fully rotary drilling was approximately 298.4 kN (~six times WOB), whereas the maximum axial loading under conventional drilling was approximately 253.8 kN (~five times WOB). On the whole, due to the higher rotation speed of the drill bit in fully rotary drilling, the axial loading under fully rotary drilling was higher than conventional drilling. The drilling footage step cycle was larger and the ROP of the fully rotary drilling was also much higher. However, due to the stronger vibration of the drill-string during fully rotary drilling, instability and fatigue damage of the drill-string more easily occur.
Torque
As shown in Figure 8 , the torque constantly changes and fluctuates during drilling. During the period of 0-0.5 s, due to the bit tooth gradually cutting into the rock, the torque on the bit increased gradually. Comparing fully rotary drilling to conventional drilling, the rate of increase in torque was higher due to its ROP is much higher, so that the bit tooth could cut into the rock more easily. When the bit tooth completely cut into the rock, the torque on the bit transitioned into a regular fluctuation. When the WOB applied to the drill bit was the same (50 kN), the torque under fully rotary drilling was higher than conventional drilling. Under fully rotary drilling, the torque varied from 0 kN·m to 39.63 kN·m, and its mean was approximately 15.16 kN·m. Under conventional drilling, the torque varied from 0 kN·m to 35.01 kN·m, and its mean was approximately 12.63 kN·m. The torque on the bit is a factor of rock properties, bit, WOB, and rotation speed. For fully rotary drilling, the rock properties, bit, and static WOB were the same, but the dynamic WOB and rotation From the perspective of the frequency for this cycle, there were six and eight cycles for conventional and fully rotary drilling, respectively, i.e., the period of this cycle was approximately 0.167 s and 0.125 s for conventional and fully rotary drilling, respectively. This phenomenon reveals why the ROP of fully rotary drilling is higher than conventional drilling. In addition, the amplitude of dynamic axial loading under fully rotary drilling was obviously higher than conventional drilling, where the maximum axial loading under fully rotary drilling was approximately 298.4 kN (~six times WOB), whereas the maximum axial loading under conventional drilling was approximately 253.8 kN (~five times WOB). On the whole, due to the higher rotation speed of the drill bit in fully rotary drilling, the axial loading under fully rotary drilling was higher than conventional drilling. The drilling footage step cycle was larger and the ROP of the fully rotary drilling was also much higher. However, due to the stronger vibration of the drill-string during fully rotary drilling, instability and fatigue damage of the drill-string more easily occur.
As shown in Figure 8 , the torque constantly changes and fluctuates during drilling. During the period of 0-0.5 s, due to the bit tooth gradually cutting into the rock, the torque on the bit increased gradually. Comparing fully rotary drilling to conventional drilling, the rate of increase in torque was higher due to its ROP is much higher, so that the bit tooth could cut into the rock more easily. When the bit tooth completely cut into the rock, the torque on the bit transitioned into a regular fluctuation. When the WOB applied to the drill bit was the same (50 kN), the torque under fully rotary drilling Energies 2018, 11, 2568 14 of 23 was higher than conventional drilling. Under fully rotary drilling, the torque varied from 0 kN·m to 39.63 kN·m, and its mean was approximately 15.16 kN·m. Under conventional drilling, the torque varied from 0 kN·m to 35.01 kN·m, and its mean was approximately 12.63 kN·m. The torque on the bit is a factor of rock properties, bit, WOB, and rotation speed. For fully rotary drilling, the rock properties, bit, and static WOB were the same, but the dynamic WOB and rotation speed were different, so that torque under fully rotary drilling was higher than conventional drilling, and the high torque mainly originated from the higher fluctuation in the WOB. Figure 9 shows the maximum equivalent stress versus time for both conventional and fully rotary drilling. On the whole, the dynamic equivalent stress of fully rotary drilling was much higher than that of conventional drilling. The stress concentration appeared at the top section of the drill-string at the beginning stage, due to the rotation of drill-string being unnecessary to overcome the collision and friction between the drill-string and wellbore. However, it was also necessary to overcome the anti-torque generated by the contact between the drill bit and the formation rock. With the increase in rotating time, the stress distribution on the whole BHA reached a new equilibrium state, and only some individual bending parts demonstrated the phenomenon of stress concentration. Comparing fully rotary drilling to conventional drilling, the stress concentration at the beginning stage was significant due to the higher rotation speed of the drill bit during fully rotary drilling. In fact, this phenomenon is a simple and easy understood in dynamics; the higher the start-up speed of the drill-string, the higher the loading induced by dynamic inertia, so that the dynamic equivalent stress was much higher. When the drill-string is completely rotated, the drill-string may be inflected, due to the integrated influence of WOB, autorotation, revolution, and impact. On the whole, the configuration of the drill-string in 3D space during fully rotary drilling looks much more complicated than conventional drilling, and the drill-string showed a relatively obvious sinusoidal bend. This was mainly caused by the strong lateral vibration induced by the fully rotation of both the drill-string and rotor of the PDM tool. Figure 9 shows the maximum equivalent stress versus time for both conventional and fully rotary drilling. On the whole, the dynamic equivalent stress of fully rotary drilling was much higher than that of conventional drilling. The stress concentration appeared at the top section of the drill-string at the beginning stage, due to the rotation of drill-string being unnecessary to overcome the collision and friction between the drill-string and wellbore. However, it was also necessary to overcome the anti-torque generated by the contact between the drill bit and the formation rock. With the increase in rotating time, the stress distribution on the whole BHA reached a new equilibrium state, and only some individual bending parts demonstrated the phenomenon of stress concentration. Comparing fully rotary drilling to conventional drilling, the stress concentration at the beginning stage was significant due to the higher rotation speed of the drill bit during fully rotary drilling. In fact, this phenomenon is a simple and easy understood in dynamics; the higher the start-up speed of the drill-string, the higher the loading induced by dynamic inertia, so that the dynamic equivalent stress was much higher. When the drill-string is completely rotated, the drill-string may be inflected, due to the integrated influence of WOB, autorotation, revolution, and impact. On the whole, the configuration of the drill-string in 3D space during fully rotary drilling looks much more complicated than conventional drilling, and the drill-string showed a relatively obvious sinusoidal bend. This was mainly caused by the strong lateral vibration induced by the fully rotation of both the drill-string and rotor of the PDM tool.
Equivalent Stress
the start-up speed of the drill-string, the higher the loading induced by dynamic inertia, so that the dynamic equivalent stress was much higher. When the drill-string is completely rotated, the drill-string may be inflected, due to the integrated influence of WOB, autorotation, revolution, and impact. On the whole, the configuration of the drill-string in 3D space during fully rotary drilling looks much more complicated than conventional drilling, and the drill-string showed a relatively obvious sinusoidal bend. This was mainly caused by the strong lateral vibration induced by the fully rotation of both the drill-string and rotor of the PDM tool. 
Verification of Dynamic Steering Force
In order to verify the solution results of dynamic steering force, a directional well B located in the Sichuan basin in China was used to verify our model. The trajectory of well B is a kind of "straight-build-hold" type. We conducted a numerical simulation for this well, and the side force acting on the drill bit in one round is shown in Figure 11 . The side force along a given tool face angle was large, ranging from 20.01 to 30.73 kN, and the mean was approximately 23.08 kN. In other words, the steering force of sliding drilling was large for this well, and it is a typical build-up BHA. However, due to the rotation of the whole drill-string, the side force along a given tool face angle was not the resultant steering force. By using the method mentioned above, the resultant steering force can be determined: Fs = 1.08 kN and αs = 289.3°. Although the steering force along a given tool face angle is large (20.01-30.73  kN) , when the drill-string was rotated by the rotary table, the resultant steering force in one round was much less than the steering force along a given tool face angle (~1.08 kN) . Thus, the rotation of We conducted a numerical simulation for this well, and the side force acting on the drill bit in one round is shown in Figure 11 . The side force along a given tool face angle was large, ranging from 20.01 to 30.73 kN, and the mean was approximately 23.08 kN. In other words, the steering force of sliding drilling was large for this well, and it is a typical build-up BHA. However, due to the rotation of the whole drill-string, the side force along a given tool face angle was not the resultant steering force. The trajectory of well B in the test interval is shown in Figure 12 , and the trajectory data are listed in Table 3 . We found that the overall angle in this hold-on section ranged from 0.041 to 0.707°/30 m, and the average of overall angle was approximately 0.195°/30 m. In fact, the present BHA presented slight build-up ability, as shown in Figure 13 . There were five slight build-ups in the deviation during fully rotary drilling. In Figure 13 .94 m (HI), were drilled using sliding drilling to control the wellbore drop-off. As a result, the length of the well interval for sliding drilling was approximately 173.38 m, whereas the length of the well interval for fully rotary drilling was approximately 345.58 m. Thus, the ratio of sliding drilling in the test well interval reached 36.92%, whereas the ratio of fully rotary drilling was 63.08. The use of sliding drilling may lower the ROP, consume time and money, and easily forms "small steps" that affect the tortuosity of the wellbore, which overall decrease the borehole quality. Thus, these results obtained above were consistent with the numerical simulation results; in other words, the present model was verified. By using the method mentioned above, the resultant steering force can be determined: F s = 1.08 kN and α s = 289.3 • . Although the steering force along a given tool face angle is large (20.01-30.73 kN), when the drill-string was rotated by the rotary table, the resultant steering force in one round was much less than the steering force along a given tool face angle (~1.08 kN) . Thus, the rotation of drill-string is conducive for the hold-on deviation angle, and the present BHA showed mild build-up ability in deviation.
The trajectory of well B in the test interval is shown in Figure 12 , and the trajectory data are listed in Table 3 . We found that the overall angle in this hold-on section ranged from 0.041 to 0.707 • /30 m, and the average of overall angle was approximately 0.195 • /30 m. In fact, the present BHA presented slight build-up ability, as shown in Figure 13 . There were five slight build-ups in the deviation during fully rotary drilling. In Figure 13 .94 m (HI), were drilled using sliding drilling to control the wellbore drop-off. As a result, the length of the well interval for sliding drilling was approximately 173.38 m, whereas the length of the well interval for fully rotary drilling was approximately 345.58 m. Thus, the ratio of sliding drilling in the test well interval reached 36.92%, whereas the ratio of fully rotary drilling was 63.08. The use of sliding drilling may lower the ROP, consume time and money, and easily forms "small steps" that affect the tortuosity of the wellbore, which overall decrease the borehole quality. Thus, these results obtained above were consistent with the numerical simulation results; in other words, the present model was verified. Figure 12 . The trajectory of well B, where the blue points represent the survey data, the red points represent the subpoint of the survey data in three coordinate planes, the red full line represents the real drilling trajectory, and the blue dotted lines represent the subline of the real drilling trajectory in three coordinate planes. 
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Factors Influencing Dynamic Steering Ability
Many different factors can affect the dynamic steering ability of BHA with bent-housing PDM, such as the WOB, deviation angle, rotate speed, stabilizer position, stabilizer diameter, and bend angle. As most of these factors have been investigated, we only selected several factors to simulate the steering force of BHA for the test in well B to help us understand how to control the trajectory by adjusting these factors.
Influence of WOB
In general, the higher the WOB, the higher the ROP, but thane excessive WOB may cause the wellbore to deviate from the planned well path, creating a high risk for BHA buckling and failure. In order to determine the influence of WOB on steering ability, we conducted a numerical simulation. As shown in Figure 14 , the resultant steering force on the bit should be the build-up force, and the resultant steering force increased with the increase in WOB. When the WOB was 50 kN, the resultant steering force was 1.767 kN, whereas when the WOB was 100 kN, the resultant steering force was 5.650 kN, which is approximately three times greater than the first value. Therefore, if fully rotary drilling is used to drill the hold-on section, the WOB should be optimized to ensure both ROP and the resultant steering force. Note: TVD means true vertical depth, N-S means north-south, E-W means east-west.
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Influence of Deviation Angle
In general, the steering force is also affected by deviation angle. In order to investigate the influence of deviation angle on steering force, we conducted a numerical simulation with different deviation angles. As shown in Figure 15 , the resultant steering force on the bit should be the build-up force. The resultant steering force firstly decreased and then increased with the increase in deviation angle. When the deviation angle was 0 • (vertical well), the resultant steering force was 4.367 kN; when the deviation angle was 30 • (deviated well), the resultant steering force reached the minimum value of 2.520 kN; when the deviation angle was 90 • (horizontal well), the resultant steering force had the lowest value 6.856 kN, which is approximately three times that of the vertical well.
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Influence of PDM Bend Angle
As shown in Figure 16 , the resultant steering force on the bit should also be the build-up force. With the increase in bend angle of the PDM tool, the resultant steering force increased first, then decreased, and increased again. When the bend angle was 0.75°, the build-up force was 4.463 kN and the drop-off force was 3.595 kN. Consequently, the resultant steering force was 0.868 kN. When the bend angle was 1.50°, the build-up force was 16.702 kN and drop-off force was 10.53 kN. As such, the resultant steering force increased to 6.172 kN, which is approximately 7.11 times that of the former. Therefore, if fully rotary drilling is used to drill the hold-on section, the bend angle of the PDM tool should be selected properly. In general, the higher the bend angle, the higher the build-up force, which may cause the wellbore to deviate from the planned well path. If a proper bend angle of PDM tool is selected, it can be used to drill the hold-on section, and can also be used to correct the wellbore trajectory. 
As shown in Figure 16 , the resultant steering force on the bit should also be the build-up force. With the increase in bend angle of the PDM tool, the resultant steering force increased first, then decreased, and increased again. When the bend angle was 0.75 • , the build-up force was 4.463 kN and the drop-off force was 3.595 kN. Consequently, the resultant steering force was 0.868 kN. When the bend angle was 1.50 • , the build-up force was 16.702 kN and drop-off force was 10.53 kN. As such, the resultant steering force increased to 6.172 kN, which is approximately 7.11 times that of the former. Therefore, if fully rotary drilling is used to drill the hold-on section, the bend angle of the PDM tool should be selected properly. In general, the higher the bend angle, the higher the build-up force, which may cause the wellbore to deviate from the planned well path. If a proper bend angle of PDM tool is selected, it can be used to drill the hold-on section, and can also be used to correct the wellbore trajectory. 
Influence of Stabilizer Location
The location of the stabilizer had a significant influence on the steering ability of BHA with bent-angle PDM. The appropriate stabilizer location can be used to adjust the steering ability. For fully rotary drilling, it can be used to hold-on the wellbore, to increase the ratio of rotary drilling, and to improve the ROP. For sliding drilling, it can be used to control the wellbore along the designed path to reach the target. Therefore, the location of stabilizer is a key factor that concerns engineers in the oil and gas field. As shown in Figure 17 , the resultant steering force on the bit should also be the build-up force. With the increase in the distance between the stabilizer and drill bit, the resultant steering force increased. When the distance between the stabilizer and drill bit was 9 m, the build-up force was 11.983 kN and drop-off force was -9.734 kN. The resultant steering force was 2.249 kN. When the distance between the stabilizer and drill bit was 15 m, the build-up 
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Influence of Stabilizers' Diameter
In addition to the location of the stabilizer, the outer diameter of the stabilizer can affect the steering ability of BHA. As shown in Figure 18 , the resultant steering force on bit should also be the build-up force. 
In addition to the location of the stabilizer, the outer diameter of the stabilizer can affect the steering ability of BHA. As shown in Figure 18 , the resultant steering force on bit should also be the build-up force. With the increase in the outer diameter of the stabilizer, the resultant steering force decreased. When the outer diameter of the stabilizer was 206 mm, the build-up force was 12.901 kN and drop-off force was -7.602 kN. Consequently, the resultant steering force was 5.300 kN. Conversely, when the outer diameter of the stabilizer was 212 mm, the build-up force was 10.660 kN and drop-off force was -8.701 kN; the resultant steering force was 1.959 kN, which is approximately 36.96% that of the former. In other words, increasing the outer diameter of the stabilizer decreases With the increase in the outer diameter of the stabilizer, the resultant steering force decreased. When the outer diameter of the stabilizer was 206 mm, the build-up force was 12.901 kN and drop-off force was -7.602 kN. Consequently, the resultant steering force was 5.300 kN. Conversely, when the outer diameter of the stabilizer was 212 mm, the build-up force was 10.660 kN and drop-off force was -8.701 kN; the resultant steering force was 1.959 kN, which is approximately 36.96% that of the former. In other words, increasing the outer diameter of the stabilizer decreases the resultant steering force. However, an excessively large outer diameter of the stabilizer could cause some complicated downhole complexities and accidents, and cause high friction of the drill-string due to the excessive rigidity of the drill-string. Therefore, if fully rotary drilling is used to drill the hold-on section, the outer diameter of the stabilizer should be selected properly.
Conclusions
According to the Hamilton principle, a nonlinear coupled BHA-bit-formation-wellbore model was proposed for BHA with bent-housing PDM using the finite element method. The impact force, axial loading, torque, dynamic stress, axial acceleration, and lateral acceleration on BHA were simulated, and the factors influencing dynamic steering force were investigated. The following main conclusions can be drawn.
Firstly, for fully rotary drilling, the lateral acceleration is obviously greater than that of the axial acceleration, where lateral acceleration ranges from -10 g to 10 g, whereas the axial acceleration only ranges from -2 g to 2 g. The transient lateral acceleration can reach approximately 23.1 g. A severe lateral impact between the drill-string and borehole wall may cause the MWD tool damage, and even cause drill-string failure.
The FEM simulation and field test in well B confirmed that the rotation of the drill-string is conducive to the hold-on of the deviation angle, and the present BHA showed mild build-up ability in deviation. Although the steering force along a given tool face angle is considerable, when the drill-string was rotated by the rotary table, the resultant steering force in one round was not as large.
With the increase in the WOB and bend angle, and the higher stabilizer locations, the deflecting force on the drill bit increased, which is not conducive to the hold-on of the deviation angle. With the increase in stabilizer diameter, the deflecting force on drill bit decreased, which is conducive to the hold-on of the deviation angle. With the increase in the deviation angle, the deflecting force on the drill bit first decreased and then increased. Therefore, when designing the BHA, the configuration parameters of BHA and drilling parameters, such as bend angle, stabilizer location, stabilizer diameter, WOB, and rotation speed should be carefully considered to meet the requirements of oil and gas field drilling. 
